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Abstract: Effective optimization methods are used to guide the optimal design of coil parameters, which is significant for 

improving the transmission performance of the wireless power transfer (WPT) system. Traditional methods mostly rely on the 

exhaustive attack method and finite element analysis (FEA) to achieve the coil parameter design, which have the disadvantages of 

complex modeling and time-consumption. To overcome these limitations, this study proposes an optimization strategy based on the 

genetic algorithm (GA), which considers the actual requirements of the efficiency and power of the WPT system. First, a direct 

integration method is proposed to simplify the analytical solution process of the mutual inductance between the hexagonal coils. 

Based on the mutual inductance model, the transmission characteristics of the hexagonal coil WPT system are deeply analyzed by the 

control variable method. Most importantly, with the proposed optimization objective function and its constraints, the GA is used to 

automatically achieve multi-parameter optimization of the hexagonal coil. Finally, a 500 W WPT system experimental platform is 

established, and the experimental results verify the feasibility of the proposed optimization method. 
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1  Introduction1 

Wireless power transfer (WPT) technology realizes the 
transmission of electrical energy from the power 
source to the load through magnetic fields, electric 
fields, electromagnetic waves, microwaves, and other 
media without wires, which significantly enhances the 
convenience of equipment movement, and has the 
advantages of safety, flexibility, intelligence, etc. 
Accordingly, coil misalignment caused by the 
randomness of the receiving side and the parameters of 
the coupling mechanism affect the performance of the 
WPT system, which poses numerous challenges in the 
maintenance of the efficient and stable operation of the 
WPT system [1-2]. Hence, it is necessary to establish an 
effective method to deeply analyze the influence of 
coil parameters on the transmission characteristics 
under actual working conditions and improve the 
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overall performance of the WPT system through the 
optimal design of the parameters.  

The existing coil design methods are mainly based 
on finite element analysis (FEA), the mutual 
inductance model, and the intelligent optimization 
algorithm to realize the optimization of the parameters. 
Among them, FEA requires simulation software such 
as ANSYS to simulate the coupling mechanism 
between coils under the action of multiple parameters 
through three-dimensional (3D) solid modeling, to 
determine the best working parameters of the coil. For 
example, the tolerance of rectangular coils [3] and DD 
coils [4] to misalignment was improved by the FEA of 
the influence mechanism of the coil parameters on 
their coupling coefficients. It is necessary for the FEA 
to re-model the coil structure when the coil parameters 
change, which increases the difficulty and time of 
modeling. To avoid the complicated modeling process, 
the mutual inductance model is used to optimize the 
parameters of the coaxial air-core solenoid [5] and the 
rectangular coil under misalignment conditions [6], 
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which improves the transmission efficiency of the 
WPT system. The above optimization process needs to 
scan all possible parameters through an enumeration 
method, and the optimization time is over-reliant on 
the dimension and accuracy of the parameters [7], 
which is not efficient enough. In recent years, 
intelligent optimization algorithms have been 
gradually applied to the optimal design of coil 
parameters. Compared with the traditional 
enumeration method, the parameter design of the 
circular coil using the Bayesian algorithm and the 
partial element equivalent circuit (BO-PEEC) 
approach [7] can improve the flexibility and efficiency 
of the design. By establishing a nonlinear 
programming model, the circular resonant coil of the 
dual-receiving WPT system is optimized based on the 
improved artificial bee colony algorithm, and the 
transmission efficiency reaches 94.29% under the 
rated power condition [8]. The research results show 
that the optimization algorithm can simultaneously 
achieve the multi-parameter optimization of coils with 
high speed and more accurate results. However, at this 
stage, the optimal design of coil parameters has been 
conducted mainly around typical circular, square and 
DD coils, and related research on the hexagonal coil is 
rarely involved. The hexagonal coil has the 
characteristics of seamless splicing and a flexible 
combination. Compared with the traditional circular 
and square array coils, the hexagonal array coil has 
better anti-misalignment characteristics, which 
improve the transmission efficiency and robustness of 
the WPT system [9]. Additionally, in the static and 
dynamic wireless charging system, the hexagonal coil 
demonstrates better cost-effectiveness than the circular 
or square coil [10]. When applied to the wireless 
charging of electric vehicles, the hexagonal coil can 
achieve a higher transmission efficiency with lighter 
weight than the circular coil under the same 
conditions [11]. Additionally, most of the existing coils 
are optimized to improve the system transmission 
efficiency without considering the actual power 
demand of the load. Therefore, it is necessary to 

further expand research on coil parameter optimization 
methods. 

To improve the transmission characteristics of the 
hexagonal coil WPT system, a multi-parameter 
adaptive optimization strategy is proposed in this study. 
Compared with traditional optimization methods, the 
core contribution of the proposed method does not 
only consider the misalignment conditions, but also 
considers the actual requirements of the efficiency and 
power of the WPT system and uses the genetic 
algorithm (GA) to realize the automatic and rapid 
optimization of the coil parameters. Additionally, the 
calculation of the mutual inductance model is 
simplified based on the direct integration method, and 
the misalignment characteristics of the tangential and 
center boundaries of the hexagonal coil are deeply 
analyzed. 

The rest of this paper is organized as follows. 
Section 2 presents the principle of the hexagonal coil 
WPT system. The mutual inductance modeling 
between hexagonal coils under misalignment is 
presented in Section 3. Section 4 analyzes the 
transmission characteristics of the hexagonal coils. 
Section 5 proposes the optimal design method. The 
experimental results are presented in Section 6. 

2  Principle of the WPT system 

2.1  Equivalent circuit 

The WPT system based on the SS compensation 
network and two identical coil structures are discussed. 
The equivalent model is shown in Fig. 1. uin is the AC 
input voltage; Ra is the internal resistance of the power 
source; Ls and Lp are the self-inductance of the 
transmitter (TX) and receiver (RX) coil, respectively; 
Rs and Rp are the internal resistances of the coils; Cs 
and Cp are the compensation capacitors on the primary 
and secondary sides, respectively; M is the mutual 
inductance between the coils, ip and is are the 
transmitting and receiving side currents, respectively; 
RL is the equivalent load; and uout is the load voltage. 
In the case of resonance, the coil transmission 
efficiency η and output power Po is defined as [12-14] 

2 2
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Fig. 1  Equivalent circuit model of the WPT system based on 

SS compensation 

where Uout and Uin are the root mean square (RMS) 
values of the load and input voltage, respectively; Ip 
and Is are the RMS values of the TX and RX coil 
currents, respectively; and ω is the angular frequency 
of the system. According to the analysis of Ref. [15], 
the equivalent internal resistance of the coil (Rp, Rs) at 
frequency f mainly includes the ohmic loss resistance 
Ro and the radiation loss resistance Rr, as shown in Eq. 
(3) and Eq. (4). In the case of a high frequency, Ro>>Rr, 
the Ohmic loss contains a high-frequency AC loss 
caused by the skin and proximity effects [16-17]; 
therefore, only the ohmic loss resistance is considered 
in the analysis of this study. 
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where l represents the wire length of the coil, Wa is 
wire diameter, μ0 is the vacuum permeability, σ is the 
electrical conductivity, ε0 is the relative permittivity, n 
is the number of turns of the coil, rc is the radius of the 
coil, c is the speed of light, and hc is the coil width. 

2.2  Misalignment condition of the hexagonal coil 

Considering the existing equivalent spiral coil 
transformation method [18], the hexagonal planar spiral 
coil is equivalently transformed as shown in Fig. 2. 
The t-th coil from the outside to the inside can be 
described as  

 1 x
2 3 ( 1) 1,2, ,

3tc c t d t N= − ⋅ − ⋅ =     (5) 

where c1 is the outermost side length, turn spacing 
dx=Wa+Sa, Sa is the gap between two adjacent turns, Wa 
is the wire diameter, and N is the number of turns of 
the coil. The spatial distribution with the coil 

misalignment is shown in Fig. 2c, where i=1, 2, …, Np, 
j=1, 2, …, Ns; Np and Ns are the turns of the TX and 
RX coils, respectively; d is the transmission distance; 
and δ and ρ are the misalignment distances along the 
x-axis and y-axis, respectively. 
 

 

Fig. 2  Equivalent diagram of coils 

According to Ref. [19], the central and tangential 
boundary directions of the hexagonal coils correspond 
to the x-axis and y-axis directions in Fig. 3a, 
respectively. The coordinate axis divides the 
hexagonal coil into four symmetrical regions, which 
are regions I, II, III, and IV respectively. The 
boundaries of the three symmetrical regions (I1, I2, and 
I3) of region I are all composed of a tangential 
boundary and a central boundary. Based on this, the 
study mainly analyzes the misalignment conditions of 
the hexagonal coil along with the two boundary 
directions. 
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Fig. 3  Different horizontal misalignment conditions of 

hexagonal coils 

3  Mutual inductance modeling of hexagonal 
coils under misalignment condition 

3.1  Magnetic flux density 

As shown in Fig. 2, when the two coils are parallel, the 
component of the magnetic flux density along the 
z-axis generated by the coils is considered. According 
to the Biot-Savart law, the magnetic flux density 
generated by the finite current-carrying wire CiDi at 
any point W(x, y, z) in space can be derived as [20] 

( )0 0
1 2

0 0

sin d cos cos
4π 4πi i

i i
C D C D

u I u I
B

r r
ϕ ϕ ϕ ϕ= = +∫  (6) 

where r0 is the distance from point W to the 
current-carrying wire, φ1(φ2) is the included angle 
between line segment CiW(DiW) and CiDi, and I is the 
current of the current-carrying wire. The relevant 
parameters are presented in Fig. 4. The component of 
the magnetic flux density i iC DB  along the z-axis is 
represented as - cos

i i i iz C D C DB B γ= . 

 

Fig. 4  Magnetic flux density of wire at any point in space 

According to the coordinate axis rotation method in 
Ref. [21], the component of the magnetic flux density 
along the z-axis generated by each side of the i-th TX 
coil can be derived equivalently from Eq. (6), which 
can be expressed as 
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where Bzi-k (k=1, 2, …, 6) respectively represents the 

magnetic flux density generated by CiDi, DiEi, EiFi, 
FiGi, GiHi and HiCi in Fig. 2c, βi,k=ai-xk, kx  and ky  

are the coordinates of point W under the rotation 
coordinate axis [21]. The total magnetic flux density of 
the i-th TX coil at point W along the z-axis is defined 
as 

- - - - - -= + + + + +
i i i i i i i i i i i ii z C D z D E z E F z F G z G H z H CB B B B B B Bz   (8) 

3.2  Mutual inductance 

The magnetic flux density generated by the TX coil is 
not uniform within the area of the RX coil. The 
magnetic flux formula is rewritten as  

 = dB SΦ ∫      (9) 

To facilitate the calculation of the mutual inductance, 
each turn of the RX coil is divided into four integral 
areas, as shown in Fig. 5, and the linear equation 
corresponding to the four sides of DjEj, EjFj, GjHj, and 
HjCj is given. The equivalent division method of the 
integral region in Ref. [21] is slightly redundant, and 
the trapezoid area can be directly integrated according 
to the nature of the integration. The magnetic fluxes 
formed in the regions S1 to S4 are expressed as 
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Fig. 5  Diagram of integration area under misalignment condition 

The mutual inductance between the hexagonal 
planar spiral coils can be expressed as 
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The expression of the mutual inductance when the 
coil is misaligned along the tangential boundary or the 
central boundary can be simplified as 
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4  Transmission characteristics analysis for 
hexagonal coil WPT system 

It is convenient to analyze the transmission 
characteristics of the WPT system coupling 
mechanism based on the mutual inductance model, 
which provides a theoretical basis for the optimal 
design of coupler parameters. In practical applications, 
the relevant parameters of the coupler such as the 
outside diameter, thickness, and shape of the coils are 
limited, and the load, output power level, and 
transmission efficiency of the WPT system are also 
required according to different requirements. This 
section analyzes the transmission characteristics of the 
hexagonal coil using the control variable method. The 
working environment of the WPT system specified in 
this paper is summarized in Tab. 1.  

Tab. 1  Working environment of the WPT system 

Parameter Value 

Switching frequency f/kHz 85 

Output power Po/W 500-550 

Input voltage Uin/V 120(±10%) 

Load RL/Ω 30 

Side length c1/cm 18 

Transmission distance d/cm 10 

Combining the actual working environment, the 
wire type and wire diameter of the coil are first 
determined. The Litz wire is made up of several 
independent insulated conductors twisted together, 
which can reduce the skin effect and have a good 
high-frequency characteristic. Therefore, the Litz wire 
is selected as the material for winding the coil in this 
study. When high-frequency AC passes through a 
conductor, the current density decreases gradually 
from the surface to the center of the conductor owing 
to the skin effect of the current, and its depth of 
penetration is defined as [22] 

  
1

πf
Δ

μσ
=    (14) 

where μ is the permeability of the wire. When the 
working frequency of the system is 85 kHz, it can be 
deduced from Eq. (14) that its depth of penetration is 
0.22 mm. To weaken the skin effect of the current, the 
Litz wire was selected based on the principle that the 
single strand diameter was less than 2 times the depth 
of penetration; here, a single strand diameter of 0.1 
mm is selected. Based on the study, the coil 
transmission efficiency should not be less than 95% 
under alignment. Considering the rated output power 
of 500 W, the rated current of the secondary side is 
4.08 A based on Eq. (2). If the transmission efficiency 
is not less than 95%, according to Eq. (1), the 
maximum input power is 526.3 W, which means that 
the maximum primary current is 4.38 A when the input 
voltage is 120 V. Additionally, considering the margin 
of 1.5-2 times, this study finally chooses the Litz wire 
with a specification of 0.1 mm×220 turns, and its rated 
current is 8.65 A. 

4.1  Analysis of misalignment characteristics 

It is necessary to analyze the influence of the coil 
parameters on the misalignment characteristics before 
the optimal design. It is known that the mutual 
inductance M is a function of the coil parameters, 
which can be expressed as follows  

 1 x a( , , , )M f N c d W=     (15) 

The side length and wire diameter of the coil have 
been determined; therefore, it is necessary to analyze 
the influence of N and dx on the misalignment 
characteristics. Fig. 6 is the variation of the mutual 
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inductance between the coils with the misalignment 
distance at different N and dx, including the 
misalignment along the tangential and central 
boundaries. The maximum misalignment distance is 
specified as 12 cm after considering the current 
withstand rating of the Litz wire. The calculated value 
of the mutual inductance model is compared with the 
finite element simulation value, and the result shows 
that the error is extremely small, which verifies the 
correctness of the mutual inductance model. It can be 
deduced that the mutual inductance is negatively 
correlated with the change of the misalignment 
distance, and the misalignment characteristics are 
determined by the coil parameters. The changes in the 
mutual inductance under the misalignment along two 
boundary directions are almost consistent by 
comparing Figs. 6a and 6b. Therefore, the next 
analysis and design process of coils mainly considers 
the misalignment along the tangential boundary as an 
example. Moreover, only the misalignment in the 
positive direction is considered based on the symmetry 
of the hexagonal coil. 

 

 

Fig. 6  Calculated value of mutual inductance of different coils 

under misalignment 

It can be deduced from the efficiency Eq. (1) that 
the mutual inductance and efficiency have a non-linear 

relationship, as shown in Fig. 7a. As the mutual 
inductance increases, the transmission efficiency 
increases sharply at the beginning. However, when the 
mutual inductance value increases to a certain extent, 
the growth rate of the efficiency begins to level off 
with the increase of the mutual inductance. Therefore, 
the variation trend of the two with the misalignment 
distance is inconsistent, which can be obtained by 
comparing Fig. 6a and Fig. 7b. Further analysis of Eqs. 
(1), (2), (3) and (15) reveals that the coil parameters 
ultimately affect the transmission efficiency and 
output power, both of which should be considered in 
the optimal design of the coils so that better 
transmission characteristics are reflected. 

 

 

Fig. 7  Calculated value of transmission efficiency variation 

with mutual inductance and misalignment 

4.2  Analysis of transmission efficiency and output 
power  

Tab. 1 illustrates that the system output power ranges 
from 500 W to 550 W, and this section shows that the 
expected transmission efficiency of this study is above 
95%. Therefore, the functional relationship between 
the coil parameters (N, dx) and the efficiency and 
power can be obtained by combining the mutual 
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inductance model, coil internal resistance Eq. (3), 
transmission efficiency Eq. (1) and output power Eq. 
(2), such that the efficiency and power can be 
calculated. Data that meet the requirements can be 
calculated based on the limits of the efficiency and 
power, as shown in Fig. 8. The figure contains all the 
coil parameters that meet the work requirements. It 
can be observed from Fig. 8 that the efficiency trend is 
easier to observe; a larger number of coil turns N and a 
smaller turn spacing dx cause a higher transmission 
efficiency, but the growth rate of the efficiency 
gradually tends to level off. However, the trend of the 
output power is difficult to determine, which requires 
further analysis of the original data. Moreover, to 
further obtain the coil parameters with the best 
transmission characteristics after determining all the 
parameters that meet the working requirements, it is 
necessary to plot the curve of the change of the 
transmission efficiency of all the coils with the 
misalignment distance by calculation before making 
further inferences, which is too complicated to 
implement. Hence, an optimal design process is 
proposed in the next section to obtain the coil 
parameters with the best transmission characteristics 
efficiently and accurately. 

 

  

Fig. 8  Calculated values of transmission efficiency and output 

variation with coil parameters 

 
5    Proposed optimal design method of 

hexagonal coil 

This section proposes an efficient and accurate optimal 
design method of the coil parameters. The power 
transmission loss of the coils under misalignment is 
converted into a mathematical model, which is 
embodied in the form of an objective function. Taking 
the working conditions as the constraints, the GA is 
used to find the best solution of the objective function 
within the constraints, which consists of the coil 
parameters with the best transmission characteristics 
under misalignment. The optimization tool used is 
Matlab software. 

5.1  Objective function 

The key to the design is to ensure the optimal coupling 
state at every possible misalignment position and 
transform it into a mathematical model to facilitate the 
search for the optimal solution. The optimal 
transmission efficiency is undoubtedly the ultimate 
goal of the design and the best choice of the objective 
function. From this, the problem can be transformed 
into determining the optimal efficiency curve that 
varies with the misalignment distance, and the factors 
affecting this curve are the parameters N and dx of the 
coil to be optimized. The efficiency curve function 
under the misalignment condition is set as 

x( , , )N dη ρ , as shown in Fig. 9. The efficiency does 
not fluctuate up and down within a certain 
misalignment range but decreases gradually with the 
increase of the misalignment distance in a certain trend, 
and there is a fixed upper limit of the efficiency under 
any conditions, which is 1. Therefore, there are two 
options for obtaining the optimal efficiency curve by 
analyzing Fig. 9. 

 

Fig. 9  Efficiency curve determined by the parameters N and 

dx under misalignment conditions 
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Option 1: Minimize area S. 

 [ ]
1

x1 ( , , ) dS N dΓρ

ρ
η ρ ρ= −∫     (16) 

where ρi (i=1, 2, …, Γ) represents the misalignment 
test point, and Γ is the number of the misalignment test 
point. 

Option 2: Minimize the iηΔ . 

 1i iη ηΔ = −    (17) 

where iηΔ  is the proportion of the coil transmission 
loss power to the total input power. 

The calculation of area S needs to use the integral 
method, and the mutual inductance model in the 
efficiency formula includes an integral operation, 
which increases the difficulty of calculation. Therefore, 
option 2 is easier to implement. 

Because of the randomness of the misalignment 
position, the concept of the RMS value is introduced 
to deal with option 2 to better reflect the transmission 
characteristics of the coil under misalignment. The 
final objective function is shown in Eq. (18), whose 
solution of the minimum value is the coil parameters 
with the optimal transmission characteristics. 
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5.2  Constraint condition 

The constraint condition can be obtained directly 
according to Tab. 1 and the relationship between the 
coil parameters, as shown in Eq. (19), where g2 aims 
to make the optimization result of dx accurate to one 
digit after mm (as the unit in Matlab is unified as the 
meter but the value of dx is on the millimeter level). 

o 0; 0|P δ ρ= =  and =0; 0|ρ δη =  represent the output power 
and transmission efficiency when the coils are aligned, 
respectively. 
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  (19) 

5.3  Coil optimization with GA 

The optimization algorithm can be used to optimize 
the minimum value of the fitness because of the 
complexity of the function. The GA is used to 
determine the minimum value of the objective 
function as the overall search strategy and the 
optimization search method of the GA does not depend 
on the gradient information or other auxiliary 
knowledge, but only needs the objective function and 
the corresponding fitness function that affect the 
search direction. The optimization process is shown in 
Fig. 10. The GA toolbox of Matlab software is selected 
as the optimization tool. The optimal solutions 
obtained are N=23 and dx=2.2 mm. 

 

Fig. 10  Optimization flowchart of GA 

The specific process of Fig. 10 is as follows. 
Step 1: Convert the mutual inductance model and 

efficiency formula into Matlab code and establish the 
objective function file (Fitness.m) and constraint file 
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(Constraint.m). 
Step 2: Set the running parameters of the GA as 

follows: population size 50, number of variables 2, 
maximum number of generations 200, generation gap 
value 0.95. 

Step 3: The GA toolbox selects Fitness.m to 
calculate the fitness function. 

Step 4: Selection, crossover, and mutation are three 
kinds of genetic operators of the basic GA. Among 
them, the proportional selection operator causes the 
chromosomes with high fitness to be the most likely to 
be selected. Consequently, excellent individuals can be 
selected from the old population, and crossover 
operations can be performed to obtain new population 
individuals. The selection function is a random 
uniform distribution function, the crossover 
probability is 0.8, and the variation function is a 
Gaussian function. The fitness value of each individual 
in the population is calculated and the best individual 
is saved. 

Step 5: Determine whether the maximum number of 
iterations is reached, if so, output the optimal solution; 
otherwise, generate a new population and return to 
Step 4 to continue the calculation. 

Based on the mutual inductance model and the 
efficiency Eq. (1), the variation of the transmission 
efficiency with the misalignment distance of all the 
coils that meet the working requirements can be 
calculated (exhaustive attack method). All the coil 
parameters included in Fig. 8 meet the working 
requirements. The data in Fig. 8 can be extracted using 
a drawing tool (Matlab) to obtain the specific coil 
parameters. Therefore, the transmission efficiency of 
all coils that meet the requirements under the 
misalignment conditions is calculated, and some of the 
results are selected and shown in Fig. 11. By 
comparing the different misalignment characteristic 
curves in Fig. 11, it can be observed that coils A and B 
correspond to the best and worst transmission 
characteristics, and the corresponding parameters are 
N=23, dx=2.2 mm and N=34, dx=3.6 mm. The optimal 
coil parameters obtained through calculation verify the 
correctness of the optimization results. 

 

Fig. 11  Calculated value of the coil transmission efficiency 

variation with the misalignment distance 

As illustrated in Tab. 2, compared with the 
traditional exhaustive attack method, the proposed 
strategy can save 48.5% of the optimization time, 
which proves that this method has advantages in 
improving the efficiency of the coil design. Among 
them, the optimization time includes the calculation 
time of the mutual inductance model and the execution 
time of the algorithm. Additionally, because the FEA 
method needs to manually rebuild the 
three-dimensional physical model after the coil 
parameters are changed, it is time-consuming and has 
a low efficiency, thus it is not compared with the 
optimization strategy.  

Tab. 2  Comparison of the optimization time 

Methods Exhaustive attack method Proposed method 

Optimization 
time/h 5.34 2.75 

 

6  Experimental verification 

In this section, the transmission characteristics of the 
designed coils are experimentally verified. Fig. 12 
shows the system circuit topology, which includes the 
DC voltage source, inverter, TX and RX coils, rectifier 
and compensating capacitor, etc. The experimental 
prototype of the WPT system is shown in Fig. 13. The 
DC power supply regulation range is 0-400 V, the 
inverter is an integrated circuit system based on the 
GaN semiconductor, and the electronic load is IT8814. 

Coil A is the designed coil with the best 
transmission characteristics to conduct a comparative 
experiment with coil B. The comparison of the specific 
coil parameters is presented in Tab. 3. It can be 
observed that coil A has a greater mutual inductance 
but a shorter wire length than coil B. 
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Fig. 12  Circuit structure of WPT system based on SS 

compensation network 

 

Fig. 13  Experimental platform of the WPT system 

Tab. 3  Comparison of specific coil parameters 

Parameter Coil A Coil B 

Side length c1/cm 18 18 

Wire diameter Wa/mm 2 2 

Turns N 23 34 

Turn spacing dx/mm 2.2 3.6 

Wire length l/m 20.24 22.73 

Mutual inductance M/μH 53.5 52.00 

Self-induction Lp/Ls /μH 230.2 215.1 

Compensation capacitor Cp/Cs /nF 15.2 16.3 

6.1  Comparison of transmission characteristics 

According to the design requirements of Tab. 1, the 
transmission distance between the coils should be kept 
at 10 cm. The relationship between the equivalent 
resistance of the rectifier input LR and load LR′  in 
Fig. 12 is as follows [23] 

  L L2

8
π

R R′=     (20) 

The electronic load and DC power supply are then 
adjusted so that the equivalent load RL is 30 Ω and the 
output power is maintained at 500 W. The voltage and 
current waveforms of the primary and secondary sides 
of two sets of the coils are obtained respectively, as 
shown in Fig. 14. It is deduced that the transmission 
efficiencies of coils A and B are 95.4% and 95.25%, 
respectively. 

 

Fig. 14  Experimental comparison of voltage and  

current waveforms 

A comparative experiment is conducted on the 
misalignment characteristics of coils A and B. The 
output power is maintained at 500 W when the RX 
coil is moving, and the experimental results are shown 
in Fig. 15. It can be observed that the efficiency 
change trend of the experiment is basically consistent 
with that shown in Fig. 11. The transmission efficiency 
of coil A is significantly higher than that of coil B at 
the same misalignment distance, and the efficiency at 
the maximum misalignment reaches more than 88%, 
which reflects excellent transmission characteristics. A 
small error is observed between the experimental and 
calculation results in Fig. 11, which is caused by the 
power loss of the physical modules; however, the 
maximum error does not exceed 3.06%. The 
experimental results prove that the mutual inductance 
model and the proposed optimal design method are 
reliable. 
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Fig. 15  Experimental results of the transmission efficiency of 

the misalignment of coils A and B along the tangential boundary 

6.2  Misalignment characteristics of the boundary 
directions 

Based on the analysis of Fig. 6, this study considers 
the misalignment along the tangential boundary as an 
example to analyze and design the hexagonal coil. 
Therefore, the misalignment characteristics of the 
hexagonal coils along the two boundary directions are 
verified experimentally, and the experimental data are 
presented in Tab. 4. It can be observed that the 
transmission efficiency of the coils is very close in the 
two misalignment directions, which verifies the 
consistency of the misalignment characteristics of the 
hexagonal coils along the tangential and central 
boundaries. 

Tab. 4  Experimental results of the coil transmission 

efficiency in different misalignment directions 

Misalignment 
distance/cm 

Efficiency of coil A (%) Efficiency of coil B (%) 

ρ δ ρ δ 

0 95.4 95.4 95.25 95.25 

2 95.26 95.3 95 94.96 

4 95.15 95.1 94.68 94.64 

6 94.65 94.44 94.16 94.26 

8 94.09 93.9 93.49 93.12 

10 91.7 91.3 90.4 90.21 

12 88.25 88.2 84.93 84.9 

7  Conclusions 

This study focused on improving the transmission 
characteristics of the hexagonal coil WPT system and 
based on the deduced objective function and constraint 
conditions, a strategy using the GA to automatically 
realize the multi-parameter optimal design of the coil 
was proposed. Because the traditional exhaustive 
attack methods rely too much on the accuracy and 

dimensions of the parameters, the optimization method 
proposed in this study obtained the optimal parameters 
faster and with higher accuracy. The experimental 
results verified the effectiveness of the proposed 
optimal design method and improved the transmission 
characteristics of the WPT system. The proposed coil 
design method could achieve multi-objective and 
multi-parameter optimization of the WPT system. On 
the basis of meeting the actual requirements of the 
system efficiency and power, the misalignment 
tolerance of the coils could be improved to a certain 
extent through the automatic optimization of the 
number of coil turns and turn spacing, which expanded 
the optimal design method of the coil parameters. In 
future work, the influence of the coil parameters on the 
quality factor and electromagnetic environment will be 
further considered to form a more reasonable coil 
optimal design method. Moreover, the method can also 
be transplanted to applications such as 
multi-transmitter multi-receiver coils and irregular 
coils, to solve the optimization design problem of 
complex coils. 
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